Continuous-time non-linear non-gaussian state-space modeling of electroencephalography with sequential Monte Carlo based estimation by Ting, Chee Ming
  
 
CONTINUOUS-TIME NON-LINEAR NON-GAUSSIAN STATE-SPACE 
MODELING OF ELECTROENCEPHALOGRAPHY WITH SEQUENTIAL 
MONTE CARLO BASED ESTIMATION 
 
 
 
 
 
 
TING CHEE MING 
 
 
 
 
 
 
A thesis submitted in fulfilment of the  
requirements for the award of the degree of  
Doctor of Philosophy (Mathematics) 
 
 
 
 
Faculty of Science 
Universiti Teknologi Malaysia 
 
 
 
 
 
JULY 2012 
 
 
 
 
 iii
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Dedicated to Buddha, Dharmma, Sangha, and my 
Beloved Daddy, Mummy, Sisters & friends. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 iv
 
ACKNOWLEDGEMENT 
 First of all, I wish to thank heartedly my supervisors Dr. Zaitul Marlizawati 
Zainuddin, Prof. Sheikh Hussain and Dr. Arifah Bahar. It is their endless guidance 
whether technical knowledge or ways of conducting research, that build up my 
foundation on this interdisciplinary field. Thanks to Dr. Zaitul and Dr. Arifah for 
their advices in mathematical and statistics area. Thanks to Prof. Sheikh Hussain, my 
first teacher in research, for his moral and financial support that survived me during 
my PhD program. He gave freedom to me in term of development of ideas, research 
direction, and in doing what I’m interested in. 
 
 Secondly, I am grateful to all my research colleagues at Center for Bio-
medical Engineering (CBE), Mr. Amar, Dr. Tan, Mr. Kamarul and others. Thanks 
you for your generosity to share the resource and knowledge with me. Special thanks 
to CBE for providing me resource and conducive environment to make my research a 
success. 
 
 Finally, heartfelt gratitude goes to my family and friends for their support. I 
am very grateful for my parents for all their sacrifices and endless love in upbringing 
me. The encouragement, support and freedom for me in pursuing my research career 
are appreciated sincerely. I would like to thank my partner Sui Feng for her patience 
and care, that comforts me during my ups and downs in this study. 
 
 
 v
 
ABSTRACT 
Biomedical time series are non-stationary stochastic processes with hidden 
dynamics that can be modeled by state-space models (SSMs), and processing of 
which can be cast into optimal filtering problems for SSMs. The existing studies 
assume discrete-time linear Gaussian SSMs with estimation solved analytically by 
Kalman filtering for biomedical signals which are continuous, non-Gaussian and 
non-linear. However, general non-linear non-Gaussian models admit no closed form 
filtering solutions. This research investigates the general framework of continuous-
time non-linear and non-Gaussian SSMs with sequential Monte Carlo (SMC) 
estimation for biomedical signals generally, electroencephalography (EEG) signal in 
particular, to solve two of its analysis problems. Firstly, this study proposes time-
varying autoregressive (TVAR) SSMs with non-Gaussian state noise to capture 
abrupt and smooth parameter changes that are inappropriately modeled by Gaussian 
models, for parametric time-varying spectral estimation of event-related 
desynchronization (ERD). Evaluation results show superior parameter tracking 
performance and hence accurate ERD estimation by the proposed model. Secondly, a 
partially observed diffusion model is proposed for more natural modeling the 
continuous dynamics and irregularly spaced data in single-trial event-related 
potentials (ERPs) for single-trial estimation of ERPs in noise. More efficient Rao-
Blackwellized particle filter (RBPF) is used. Evaluation on simulated and real 
auditory brainstem response (ABR) data shows significant reduction in noise with 
the underlying ERP dynamics clearly extracted. In addition, two non-linear non-
Gaussian stochastic volatility (SV) models are proposed for better modeling of non-
Gaussian dynamics of volatility in EEG noise especially of impulsive type. 
Application to denoising of simulated ABRs with artifacts shows well estimated 
volatility pattern and better elimination of impulsive noise with SNR improvement of 
12.46dB by the best performing non-linear Cox-Ingersoll-Ross process. 
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ABSTRAK 
Siri masa bioperubatan, stokastik process bukan pegun dengan dinamik 
tersembunyi, boleh dimodel oleh model ruang keadaan (SSM), dengan 
pemprosesannya boleh dijadikan masalah penurasan. Kajian kini menganggap SSMs 
sebagai diskrit, linear Gaussian dengan anggaran secara analitis oleh penapisan 
Kalman untuk isyarat bioperubatan yang biasanya berterusan, tidak linear dan tidak 
Gaussian. Tetapi, model tidak linear tidak Gaussian tiada penyelesaian tertutup. 
Kajian ini menyelidik rangka kerja umum model tidak linear dan tidak Gauss dengan 
penapisan Monte Carlo berjujukan (SMC) untuk isyarat bioperubatan secara umum 
dan electroencephalography (EEG) khasnya, untuk menyelesaikan dua masalah 
analisis khusus. Pertama, kajian ini mencadangkan model time-varying 
autoregressive (TVAR) dengan bunyi keadaan tidak Gaussian untuk menangkap 
perubahan parameter yang mendadak dan lancar yang tidak sesuai dimodelkan oleh 
model Gaussian, untuk anggaran spektrum event-related desynchronization (ERD) 
yang berubah masa. Penilaian menunjukkan model ini memberikan prestasi 
penjejakan yang lebih baik dan anggaran ERD yang tepat. Kedua, kajian ini 
mencadangkan partially observed diffusion model untuk memodelkan dinamik 
berterusan dan data berjarakan tak seragam dalam single-trial event-related 
potentials (ERPs). Penapis Rao-Blackwellized (RBPF) yang lebih efektif digunakan. 
Penilaian ke atas data auditory brainstem response (ABR) simulasi dan benar 
menunjukkan pengurangan ketara dalam bunyi dengan dinamik ERP tersembuyi 
jelas diekstrak. Dua model volatiliti stokastik yang tidak linear tidak Gaussian 
dicadangkan untuk memodelkan dinamik tidak Gaussian dalam volatility bunyi EEG 
dengan lebih baik terutama yang jenis impulsif. Aplikasi dalam pembuangan bunyi 
untuk simulasi ABRs dengan artifak menunjukkan anggaran corak volitiliti yang 
bagus dan pembuangan bunyi impulsif yang lebih baik dengan peningkatan SNR 
12.46dB oleh proses Cox-Ingersoll-Ross yang tidak linear yang mempunyai prestasi 
tertinggi. 
